| INTRODUCTION
Signal transduction is initialized to specific stimuli and induces a series of molecular events that regulate cellular responses. Distinct signal transduction pathways can interact with each other to form signalling networks and allow the coordinated cellular response to different developmental and environmental cues. [1] [2] [3] Thus, dissecting signalling pathways is important for understanding biological processes. For many biological processes, the signalling pathways have been revealed through forward and reverse genetic screening, which typically involves the manual inspection of mutant phenotypes from large populations. [4] [5] [6] However, a large number of molecular components governing signal transduction are yet to be discovered and often remain elusive because of lethality and redundancy issues of gene families. 7, 8 To overcome the complexity of whole plant/organ systems with different cell types, single cell models are increasingly used to dissect signalling pathways in combination with quantitative high-throughput screening systems. [9] [10] [11] [12] In plants, guard cells are ultimately isolated from the symplast and therefore have been well-established as a single cell model system. [13] [14] [15] A pair of guard cells forms the stomatal pore evolved to facilitate photosynthetic gas exchange and water transpiration across Gildas Bourdais, Deirdre H. McLachlan, Lydia M. Rickett and Ji Zhou contributed equally to this study.
the leaf epidermal barrier. 16 Proper pore adjustment results in plant adaptation to environmental stresses. 16 For example, drought stress is signalled by increased levels of abscisic acid (ABA), which induces the closure of stomata and thus limits water loss. Being pores, many potentially infectious pathogens seek open stomata for invading leaf tissues. [17] [18] [19] To limit the entry of pathogens, guard cells detect microbe-associated molecular patterns (MAMPs) by plasma membrane (PM)-localized pattern recognition receptors (PRRs) and trigger closure of stomata. 16, 17, 20 Thus, as stomatal apertures are controlled in response to environmental signals, guard cells have been successfully used to dissect signalling pathways including ABA and immune signal transduction. 16, 21, 22 Both ABA-and MAMP-induced stomatal closure requires activation of S-type anion channels mediated by the Slow Anion Channel- 2 | RESULTS
| Quantitative imaging of stomatal closure
Light microscopy is a powerful tool to investigate stomatal behaviours. 15, 16 Combined with quantitative image and data analysis, it has vastly expanded the potential for genetic screening. 9, 38 To automate measurements of stomatal pores, we used an image analysis framework for high-content screening and developed the StomataMeasurer tool that performs both stomatal pore object detection combined with quantification. For stomatal pore detection, we imaged autofluorescence signals present at the stomatal lip followed by detection of the inner pore ( Figure 1 ). StomataMeasurer produced accurate measurements of stomatal pores in Arabidopsis cotyledons allowing for quantification of stomatal behaviours (Supporting Information Figure S1 ).
To assess the utility of StomataMeasurer for genetic screening, we tested this image object detection tool on stomatal patterns in Arabidopsis cotyledons across a collection of mutants in genes including Too Many Mouths (TMM) and Stomatal Density and Distribution 1 (SDD1), known regulators of stomatal density and distribution (Table S1 ). 39, 40 StomataMeasurer was able to detect aberrant stomatal patterns ( Figure S2 ). Measurements of the stomatal pore length and distance between stomata confirmed previously described phenotypes of tmm and sdd1-1 mutants in stomatal development. In addition, we identified that mutants in the Two-Pore K + Channel 1 (TPK1) exhibited shorter stomatal pore length compared to wild type plants ( Figure S2 ). TPK1 encodes a vacuolar membrane localized K + channel that controls cytoplasmic potassium homeostasis, 41 which also appears important for determining stomatal pore length.
We then tested the application of StomataMeasurer on stomatal closure. For this analysis, we incubated Arabidopsis cotyledons with flg22 and ABA with increasing time. StomataMeasurer pore detection identified decreased stomatal apertures with increasing concentrations and time of treatments ( Figure S3 ). Taken together, these data suggest that StomataMeasurer could be exploited for analysing stomatal parameters suited for genetic screening.
| Stomatal closure induced by flagellin
We applied high-throughput confocal imaging integrating computational image analysis to profile altered stomatal closure in flg22-treated Arabidopsis cotyledons across a collection of mutants in genes known to function in membrane trafficking, with the aim of gaining insights into the potential link between guard cell signalling and the endomembrane system (Table S1 ). Our collection was based on homozygous T-DNA insertion lines, not excluding the possibility of unaffected and partially affected production of transcripts, and also included mutants in immune signalling to validate our method. We first examined known mutants in FLS2 signalling including the fls2 receptor and rbohD mutants. 16, 20 Images pro- These results demonstrate that StomataMeasurer enables the identification of altered stomatal closure patterns suited for mutant screening.
A total of 54 mutants were screened for altered flg22-induced stomatal closure by confocal imaging combined with StomataMeasurer analysis. In the context of our bias mutant selection, the stomata We also found that ara7, rha1 and ara6 mutants were all altered in stomatal closure induced by flg22 (Figures 2 and S4 ). ARA7, RHA1
and ARA6 encode homologous RAB5 GTPases in A. thaliana, 37 yet our findings suggest separate functions of them in stomatal immunity.
Consistently, although they all localize to endocytic compartments, the RAB5 GTPases only exhibit partially overlapping patterns, that is, ARA6 preferentially residing on late endosomes. [46] [47] [48] Of note, RHA1
is highly expressed in guard cells. 49 As RAB GTPases regulate the fusion of vesicles with target membranes, 37 our findings further highlight a role for vesicle trafficking in flg22-induced guard cell signalling.
These results show that quantitative high-throughput imaging of single cell responses represents a valuable tool to dissect the involvement of gene family members in signal transduction events.
| ABA-induced stomatal closure
Given the partial convergence of flg22-and ABA-induced guard cell signalling pathways that close stomata, 16 
| Chitin-induced stomatal closure
General stomatal responses to pathogens are conserved across kingdoms. Bacterial EF-Tu, lipopolysaccharide and fungal chitin all inhibit opening and promote closure of stomata. 19, 52 To address whether stomatal closure by different MAMPs requires similar molecular components, we determined the stomatal closure in Arabidopsis cotyledons of 42 mutants treated with chitin, a fungal MAMP. 20 We found that chitin treatment did not significantly close the stomata of 32 mutants (Figures 2 and S6 ). These did not include the fls2 receptor mutant or bik1. In agreement with the latter, immune signalling induced by chitin is predominantly mediated by PBL27. 53 Unexpectedly, we found that bak1 mutants were also impaired in chitin-induced stomatal closure (Figures 2 and S6 ). Furthermore, all tested snare and scamp mutants, except scamp5, were affected in chitin-induced stomatal closure (Figures 2 and S6) , which was shared with stomatal closure by flg22 but not with ABA ( Figures 2, S4 and S5 ). By contrast, of the rab5 GTPase mutants, ara7 and rha1 but not ara6 showed significantly impaired stomatal closure in response to chitin (Figures 2 and   S6 ), while all did not significantly close stomata to flg22, and rha1 was also affected in ABA-induced stomatal closure (Figures 2, S4 and S5).
Our data thus suggest that several membrane trafficking components are shared in MAMP guard cell responses, despite perception by distinct PRR complexes, and that the requirement of RAB5 GTPases in stomatal closure differed between stimuli.
| Stomatal closure induced by second messengers
Because impaired stomatal closure upon biotic stimuli could also be caused by a deficiency in guard cell generation of second messengers, We further compared all measurements of stomatal closure to to ABA group into cluster 1 to 3. Interestingly, we found rha1 mutants in cluster 6, suggesting its predominant role is in the FLS2 pathway.
Comparing all rab5 GTPase mutants, despite being impaired in flg22-induced stomatal closure, they group into different clusters, which suggest distinct but overlapping functions in the regulation of stomatal immunity by these homologous RAB5 GTPases.
| RAB5 GTPases mediate stomatal immunity
To gain insights into the role of the RAB5 GTPases in stomatal immunity 54 as identified from our screen, we tested the mutants for FLS2-mediated immune responses. Because impaired stomatal closure in response to MAMPs could cause an increase in susceptibility to bacterial infection, we next examined the rha1, ara7 and ara6 mutants, also including the ara6 × ara7 double mutant, for impaired antibacterial immunity. We first infected plants by surface-inoculating wild type Pseudomonas syringae pv. tomato (Pto) DC3000 coronatinedeficient (cor-) bacteria that fail to enter through closed stomata. 19 All mutants showed elevated bacterial growth as compared to wild type plants ( Figure 3A) . We then infected the mutants by leaf-injecting Pto DC3000 cor-bacteria and found no difference in anti-bacterial immunity between wild type plants and the rha1, ara7, ara6 and ara6 × ara7 mutants ( Figure 3B ). These results are in agreement with their impaired flg22-induced stomatal closure (Figures 2 and S4 ) and suggest a non-redundant function of the RAB5 GTPases in stomatal immunity rather than defence in the apoplast. 54 We next addressed whether rha1, ara7, ara6 and ara6 × ara7 mutants are affected in other MAMP-induced defences, including activation of MAP kinases and the ROS burst required for stomatal closure. 55 Overall, activation of MAP kinases induced by flg22 treatment were similar in all rab5 GTPase mutants and wild type plants ( Figure 3C ). Likewise, flg22-induced ROS production was observed in all rab5 GTPase mutants with rha1, ara7 and ara6 to a similar extent as wild type plants and only ara6 × ara7 mutants showing elevated ROS production ( Figure 3D ). These findings suggest that impaired stomatal closure to flg22 is not caused by general defects in flg22-induced signalling, and further imply that a lack of ROS production may not be the cause of the stomatal impairment. One explanation for the elevated ROS production observed in ara6 × ara7 mutants could be because of impaired trafficking of RBOHD. 56 Additionally,
we found that the rha1, ara7, ara6 and ara6 × ara7 mutants were not generally immune-compromised as they supported similar levels of powdery mildew penetration ( Figure S10 ), a fungal pathogen that does not infect plants through stomata.
17,52
| RAB5 GTPases regulate FLS2 endocytosis
We have previously shown that ARA7 plays a critical role in endocytosis of flg22-activated FLS2 using overexpression of dominantnegative ARA7. 57 To examine whether the rab5 GTPase mutants were affected in FLS2 endocytosis, we generated homozygous crosses of Col-0/FLS2p::FLS2-GFP plants with rha1, ara7, ara6 and ara6 × ara7 mutants. Using high-throughput confocal imaging and quantitative image analysis by EndoQuant 57 we found that FLS2 endosomal numbers were elevated in ara6 mutants at late time points compared to wild type plants ( Figure 4A ), similar to the effect by Wortmannin treatment. 57 By contrast, rha1 and ara7 had significantly lower FLS2 endosomal numbers upon flg22 treatment ( Figure 4B,C) . Reduced flg22-induced FLS2 endosomal numbers in ara7 and rha1 mutants are consistent with inhibition of FLS2 endocytosis upon overexpression of dominant-negative ARA7. 57 Together with the finding that ARA7
partially localizes with markers of the trans Golgi network (TGN), it suggests that the conventional RAB5 GTPases ARA7 and RHA1 act in Figure 4D ). This is consistent with the hypothesis that activated FLS2 sequentially traffics along ARA7-and then ARA6-positive compartments. 57 It is possible that ara7 mutants reduced in FLS2 endosomes and ara6 mutants accumulating more in FLS2 endosomes ( Figure 4A ,B) level both the effects.
| DISCUSSION
There are several examples where quantitative high-throughput imaging of cellular parameters has been used to probe the intersection between the endomembrane system and signal transduction events. 9, 32, 35 The guard cell response is relatively well understood and involves the endomembrane system. 16, 21, 33, 45 The core guard cell pathway that results in a change in stomatal aperture could be divided into (a) signal transduction and (b) translation of the signal into a biomechanical response. The closure of stomata is mediated by a decrease in guard cell volume, which is driven by the release of cytosolic K + triggering water to move out. 16 This change in volume coincides with surface area changes of up to 40%. 33, 58 The most widely accepted hypothesis is that removal of membrane from the PM to the vacuole facilitates the change in surface area. 33 Fusion and fission of vesicles have been observed during the swelling and shrinking of guard cells. [59] [60] [61] The clathrin machinery regulates the removal of membranes in the form of vesicles, thereby contributing to coordinated membrane traffic. 62 Mutants in CHC1 and in SYP121/PEN1 are both affected in stomatal aperture control and in coordinated vesicle transport. 63 Interestingly, chc2 mutants were specifically impaired in flg22-but not in ABA-induced stomatal closure. 34 Disruption of the endomembrane system could differentially affect distinct guard cell signalling pathways leading to closure.
The identified genetic components of the endomembrane system In this study, we identified that rha1, ara7, ara6 and ara6 × ara7
were impaired in MAMP-induced stomatal closure but not generally non-responsive to flg22 or immune-compromised (Figures 2-3 and S10). The inability to close stomata in response to flg22 in these mutants is therefore affecting the intersection between the endomembrane system and guard cell signalling upstream of the core guard cell pathway. Like chc2 and vps37-1, 34,35 the rab5 GTPase mutants were affected in FLS2 endocytic trafficking (Figure 4 ). Yet, ara7 and rha1 caused a reduction in FLS2 endosomal accumulation while ara6
showed more accumulation of FLS2 endosomes, and the ara6 × ara7
double mutant was only affected at early not late time points of FLS2 endocytosis ( Figure 4) . Thus, there is no obvious correlation between FLS2 endosomal accumulation and FLS2-mediated stomatal closure.
In agreement, flg22-induced degradation of FLS2 was observed in all rab5 GTPase mutants ( Figure 4C ). The apparent non-redundant function of the three RAB5 GTPases in flg22-induced stomatal closure is curious and future studies into the possibility of these GTPases functioning as a complex may prove interesting.
In summary, our quantitative high-throughput imaging screen resulted in a genetic framework of stomatal closure. This provides a starting point for the molecular dissection of guard cell signalling upstream and downstream of the core guard cell pathway and the intersection with the endomembrane system regulating stomatal closure. This approach revealed novel, non-redundant roles for RAB5
GTPases in stomatal immunity. This highlights that cell type-specific responses aid functional dissection of homologous genes, which when generating higher order knock-out mutants causes pleiotropic effects up to lethality. 64 In addition, timed quantitative high-throughput imaging further revealed roles of the three homologous RAB5 GTPases in FLS2 endocytic trafficking. Thus, high-throughput imaging at cellular and subcellular scales enables genetic dissection of plant physiological response to biotic and abiotic stresses. Bars represent mean AE SD values; average image number = 60 images from three independent experiments for rha1 and ara6 × ara7 and six independent experiments for ara7 and ara6, with an average number of 100 images. Asterisks indicate a statistically significant difference compared to Col-0 at the same time point according to the Student's t test (*P < 0.05; **P < 0.01; ***P < 0.001)
| MATERIALS AND METHODS

| Plant materials and growth conditions
A. thaliana seeds were obtained from Nottingham Arabidopsis Seed Centre (NASC) and kindly provided by collaborators (Table S1 ).
T-DNA insertions were checked by polymerase chain reaction (PCR) using the appropriate primer pairs indicated in Table S1 , and homozygous mutants were selected for further analysis. ara6, ara7 and rha1 
| High-throughput confocal microscopy
For imaging stomatal pores, cotyledons were transferred to 96-well plates with the lower epidermis facing the optical glass bottoms (Greiner), and high-throughput confocal imaging was performed using the spinning disc automated Opera microscope (Perkin-Elmer Cellular Technologies) as described. 12 Stomatal pores were imaged based on autofluorescence of the guard cell lip (Figure 1) . Excitation of the samples was performed at 405 nm and the emission was captured using the 540/570 band-pass filter. Imaging of FLS2-GFP endosomes was performed as described. 
| Quantitative analysis of stomatal apertures
Statistics and data analysis were performed, and plots produced using scripts developed in R (version 3. and babar. 78 The statistical analysis focused on the output parameters stomatal pore width, stomatal length and average nearest neighbour distance between stomata per image as proxy for stomatal density.
Parameter data was aggregated from images across at least three experimental replicates for each mutant and at least two corresponding replicates for Col-0 (or alternative reference mutant with consistently significant closing behaviour under the given treatment).
All measurements are listed in Table S2 . For each parameter, kernel density estimation was used to infer a probability density function for each mutant under each experimental condition (using R's density function). Means values were then calculated from these probability distributions. Where a ratio of means was plotted, SEs were calculated by accounting for the SE in each mean and combining using error propagation. Here the SE of each mean was calculated using the original data points.
Significant stomatal closure was tested using two independent methods. Firstly, because determination of the P-value is a standard approach for evaluating statistical significance, P-values were calculated based on the null hypothesis that the two sets of data (under treatment and control conditions) are drawn from the same distribution; data were aggregated such that the difference in means could be calculated between 1000 pairs of bootstrap samples and a two-tailed Euclidean distance and the plot produced using the heatmap.2 function in the R package, gplots. Statistically significant clusters were determined using the simprof function from the package, clustsig. Here the null hypothesis that "there is no a priori group structure" was rejected for P-values <0.05. Further, R's clusterboot function was used to assess the stability of these clusters using bootstrapping and computation of Jaccard similarities. Here stable clusters had a Jaccard similarity value of at least 0.75.
| ROS burst assays
ROS assays were performed as described. 79 Briefly, 16 leaf discs were excised per genotype of 4 weeks old soil-grown plants and treated with 100 nM flg22. ROS was measured with a charge-coupled device camera fitted to a computer monitor (Photek Ltd.) for 50 minutes. 
| Immunoblot analysis
| Bacterial and fungal infections
Bacterial infections were performed as described. 80 Briefly, Pto 
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